MITOCHONDRIAL ACONITASE AND THE CHEMISTRY OF Fe-S CLUSTERS
Metalloproteins comprise a large and extremely diverse subset of proteins. Iron is a common component of metalloproteins, often found in distinctive prosthetic groups in which iron is either directly ligated to the protein or is associated with the protein through binding of a heme cofactor. There are several hundred known examples of proteins that directly ligate iron as a component of iron-sulfur (Fe-S) clusters, prosthetic groups that were first described in the 1960s and are integral to the function of a rich variety of proteins (reviewed in Beinert, 1990) . Because of the redox reactivity of iron and its flexible coordination chemistry, these clusters play essential roles in a variety of enzymatic reactions. Although such clusters function most commonly as single electron carriers in redox reactions, it has been observed more recently that Fe-S clusters are essential to the catalytic mechanisms of dehydratases in which no net redox reaction takes place. The best studied example of the latter is the mitochondrial enzyme aconitase (Beinert, 1985) . First described over 50 years ago, aconitase is an 83-kDa protein that catalyzes the stereo-specific interconversion of citrate to isocitrate, steps of the Krebs cycle that are essential for cellular energy metabolism.
The catalytically active form of aconitase contains a cubane [4Fe-4S] cluster. Although many proteins contain such clusters, aconitase is unusual in that only three of the irons are ligated directly to cysteines of the protein backbone. The fourth iron (Fea) is ligated to inorganic sulfur of the Fe-S cluster and either water or hydroxyl from solvent. When aconitase is purified, it readily loses the fourth iron, converting to the enzymatically inactive [3Fe-4S] cluster form (Beinert, 1985; Beinert and Kennedy, 1989 (Beinert and Kennedy, 1989; Lauble et al., 1992) . Although many of the details of the reaction chemistry of aconitase (beyond the scope of this essay) remain to be proven, current models for aconitase function have been dramatically aided by solution of the crystal structure of the enzyme derived from pig heart. High-resolution structures have been solved in which either isocitrate or the competitive inhibitor nitroisocitrate are bound (Robbins and Stout, 1989a,b; Lauble et al., 1992) . The crystal structure reveals a globular protein that folds into four domains; the first three are closely associated and bind the Fe-S cluster, whereas the fourth domain is attached via a stretch of amino acids termed the hinge/linker (Lauble et al., 1992) . Interaction of the fourth domain with domains one to three creates an extensive cleft that contains the Fe-S cluster and the active site of the enzyme. Twenty-three amino acids derived from all four domains participate in formation of the active site, which centers around the cubane [4Fe-4S] cluster. The Fe-S cluster is ligated to the protein backbone through direct binding of three of the four iron atoms to cysteines. The exposure of the asymmetrically ligated cluster allows the fourth iron to hexa-coordinate with the atoms of the cluster as well as with water and substrate. Shifting coordinations, proton movement, and changes in coordination geometry would be impeded if the fourth iron were stably ligated to a cysteine residue of the protein. The absence of a cysteinyl ligand and the accessibility of the cluster to solvent may permit greater access by superoxide anions, molecular oxygen, and nitric oxide (Verniquet et al., 1991; Welsh et al., 1991; Gardner and Fridovich, 1992 ) and may render the cluster more labile. Although instability of the cluster could be a disadvantage, it may be that it is exactly this "vulnerability" of the aconitase cluster that is utilized in the molecular sensing of iron levels in a related protein, the cytosolic aconitase.
THE IRE-BP AND THE PUZZLE OF CYTOSOLIC ACONITASE For several decades it has been known that aconitase activity is found both in the mitochondria, as a component of the Krebs cycle, and in the cytosol. Cytosolic aconitase is a product of a gene distinct from that encoding the mitochondrial enzyme. In humans, the mitochondrial enzyme is encoded by a gene located on C 1993 by The American Society for Cell Biology Essay chromosome 22, whereas the cytosolic enzyme is encoded by a gene localized to chromosome 9 (Shows and Brown, 1977) . Cytosolic aconitase appears to have very similar enzymatic properties to the mitochondrial enzyme, but the reason that cells contain a cytosolic aconitase has been a subject of speculation. Molecular characterization of the cytosolic aconitase awaited its unexpected rediscovery as a major regulatory factor controlling the fate of proteins involved in cellular iron metabolism (Rouault et al., 1990) .
Biosynthetic rates of ferritin, an iron sequestration protein, and the transferrin receptor, a protein involved in iron acquisition, are regulated by levels of intracellular iron. Iron responsive elements (IREs) are RNA stem loop structures found within the 5' UTR of the mRNA of ferritin and within the 3' UTR of the transferrin receptor mRNA. IREs function as binding sites for an iron-sensing protein, the IRE binding protein (IRE-BP). The IRE-BP binds to IREs when the cell is iron-depleted and simultaneously inhibits translation of ferritin mRNA and degradation of transferrin receptor mRNA (reviewed in Klausner and Harford, 1989) .
Further understanding of the molecular mechanisms underlying this regulatory circuit required the molecular characterization of the IRE-BP. It was the accomplishment of this task that unexpectedly intertwined the research on this RNA regulatory protein with the mystery posed by cytosolic aconitase, a protein with a wellcharacterized enzymatic function, but without a wellunderstood role in the metabolism of the cell. The IRE-BP was purified by RNA affinity chromatography Neupert et al., 1990 ) and traditional techniques (Walden et al., 1989) , and after partial peptide sequencing, the cDNA encoding the protein was cloned (Rouault et al., 1990; Hirling et al., 1992) . Significant homology was found to two proteins of eukaryotes, both of which were mitochondrial aconitases (Hentze and Argos, 1991; Rouault et al., 1991) . The evolutionarily disparate Saccharomyces cerevisiae and porcine mitochondrial enzymes both showed -30% sequence identity to the human IRE-BP. The sequence alignment was particularly striking in light of the structural information available for the porcine enzyme that revealed that the 23 identified active site residues for the mitochondrial enzyme were identical when aligned with the human IRE-BP Lauble et al., 1992) . Recombinant human IRE-BP was purified and shown to have aconitase activity , the specific activity of which was estimated to be comparable with that of the mitochondrial enzyme (Haile et al., 1992a) . Recently, the bovine cytosolic aconitase has been purified, demonstrated to possess IRE binding activity, shown by spectroscopy to contain a cubane Fe-S cluster, and shown by peptide sequencing to be identical to the IRE-BP . Thus, the cytosolic aconitase is an iron-regulated RNA binding protein. To begin to understand the use of a functional aconitase as a mediator of genetic regulation, we must turn to the emerging information on how this regulatory protein functions.
A REGULATORY MODEL
The recognition that the IRE-BP is a cytosolic aconitase and possesses an Fe-S cluster, coupled with the knowledge that the analogous cluster in mitochondrial aconitase is labile, suggested that alteration of the structure of the Fe-S cluster might represent a mechanism of structurally altering the IRE-BP in response to changes in iron availability (Figure 1 ). There is no precedent for reversible regulation of the structure of an Fe-S cluster. Recently, however, we have found evidence in studies of the IRE-BP for such a mechanism of regulation (Haile et al., 1992a Figure 1 . A model for the regulation of the IRE-BP. The representation of the IRE-BP is based on the crystal structure of mitochondrial aconitase, and the RNA is represented as a stem-loop drawn approximately to scale. The depiction of the Fe-S cluster and the RNA-protein complex is merely diagrammatic. agents), aconitase activity is restored and RNA binding activity is lost (Constable et al., 1992; Haile et al., 1992a) . Thus, it is the Fe-S cluster that appears to provide the molecular switch that activates or inactivates this protein for RNA binding. To understand the mechanism of this switch will require a precise determination of what happens to the cluster under conditions of iron deprivation. Current data suggest that a simple 4Fe to 3Fe interconversion cannot explain the activation of the protein for RNA binding (Haile et al., 1992b) . When the [4Fe-4S] and [3Fe-4S] forms are examined, neither binds RNA with high affinity, even though only the former possesses aconitase activity. In vitro, extensive degradation of the cluster is required to produce a protein that binds RNA with high affinity (Haile et al., 1992b) . Thus, the activation of RNA binding activity requires a profound structural alteration, perhaps complete destruction of the cluster.
How can we imagine that the cell senses and appropriately interconverts the state of the IRE-BP Fe-S cluster in response to changes in intracellular iron? One model would be that the cell is continuously disassembling and reassembling the IRE-BP cluster. Accordingly, the ability to reassemble this rapidly turned-over cluster would depend on the availability of iron. The capacity of the Fe-S cluster to function as a sensor of available iron would require only that there be continuous turnover of the cluster.
Although the cluster may provide the molecular switch involved in acquisition of RNA binding capacity, it is still not clear how the protein binds RNA or how the assembly of the cluster shuts off RNA binding activity. Although the answer to these questions will have to await high resolution structural studies, we can speculate as to how the local change in the Fe-S cluster might result in an alteration in protein structure that determines the availability of an RNA binding site. The cluster protrudes into the solvent-filled active site cleft but does not directly interact with the fourth domain of the protein. The crystal structure shows that numerous residues from domains one through three are in proximity to residues from the fourth domain (Lauble et al., 1992) , though most of the residues facing the cleft are hydrophilic and interactions across the cleft would not theoretically be required to maintain stability of the protein structure. One additional component that may maintain closure of the cleft structure is bound substrate. Substrate appears to form tight interactions with residues in the fourth domain as well as with residues from domains one through three. Though substrate also binds to the fourth iron of the cubane cluster, it is clear that substrate is tightly bound both to protein containing the 4Fe cluster and the 3Fe cluster, although the interaction with the latter is somewhat weaker ).
An interesting model for the RNA binding capacity of this protein is that it cycles between a "closed" and an "open" state. The closed state exists in the presence of either the 4Fe or 3Fe cluster, and we can presume that, in this state, the active site is intact and is essentially in the conformation revealed by solution of the aconitase crystal structure. In the absence of the cubane cluster, we can imagine that there is motion about the flexible hinge/linker and that domain four swings away from domains one through three. Thus, it is possible that opening of the cleft exposes the RNA binding site. If this were true, then one would predict that stabilizing the closed state of the cleft would inhibit RNA binding. As substrate is capable of bridging the fourth domain to domains one through three through interactions with both the cluster and active site residues, substrate might be predicted to be an inhibitor of RNA binding. The addition of high concentrations of reducing agents is known to activate RNA binding even in the presence of a complete cubane cluster Haile et al., 1989; Barton et al., 1990) . Acquisition of RNA binding capacity produced by exposure to reducing agents can be antagonized by substrates for the enzyme (Haile et al., 1992b) . Such an antagonism can be readily explained if the substrate is acting to stabilize the closed structure of the active site cleft. Conversely, reducing agents may somehow destabilize the interactions that maintain the closed state of the cleft. The opening of the active site cleft by motion about the hinge region, influenced by both the status of the Fe-S cluster and the presence of substrate, thus provides a working hypothesis for a mechanism by which the RNA binding state of the protein is activated or lost.
QUESTIONS AND DIRECTIONS
Many questions remain concerning the function of the IRE-BP. Exactly how it recognizes RNA will be determined by structural studies. This protein may provide an unprecedented opportunity to study the assembly and disassembly of Fe-S clusters within cells. We suspect, based on the harsh coriditions required in vitro to produce the RNA binding state of the protein, that enzymatic activity is required in vivo for disassembly of the Fe-S cluster.
Perhaps most intriguing of the many unanswered questions concerning this protein are those that relate to the issue of why the IRE-BP doubles as a cytosolic aconitase. It is attractive to propose that the IRE-BP evolved from aconitase using the Fe-S cluster as an iron sensor. IRE binding activity appears to be quite ancient and has been detected in drosophila and annelid worms (Rothenberger et al., 1990) . Recent cloning of the aconitase of Escherichia coli reveals that the protein is nearly identical in size to the human IRE-BP and, surprisingly, is much more similar to the human IRE-BP (53% protein sequence identity over the entire length of the protein) than the human IRE-BP is to any known mitochondrial aconitase (Prodromou et al., 1992) . This extraordinary degree of sequence conservation is in the range of the most highly conserved proteins in evolution between mammalian and bacterial proteins. Thus, it appears that the 83-kDa mitochondrial aconitase has undergone multiple deletions relative to the ancestral precursor, whereas the 98-kDa cytosolic IRE-BP must have evolved quite early from prokaryotic precursors. Mitochondrial aconitase also lacks IRE binding activity, and the point in evolution when aconitase acquired the capacity to bind RNA is not known. Considering the impressive overall conservation of this ancient protein, the complete conservation of active site residues, and the preservation of full enzyme activity, it is likely that the enzymatic activity is somehow important to the regulation of this RNA binding protein.
Although the IRE-BP provides us with a key molecular component involved in the posttranscriptional regulation of ferritin and TfR expression, its role in cellular metabolism may eventually prove much more diverse. Whether it is involved in the regulation of other proteins of iron metabolism such as ferric reductase, ferrous transporters, and other iron-binding proteins remains to be seen. Furthermore, we suspect that the IRE-BP may regulate the expression of other genes that contain potentially functional IREs in the 5' UTRs of their mRNAs, including mitochondrial aconitase (Dandekar et al., 1991; Kaptain et al., 1991) and the erythroid form of ALA synthase, the rate-limiting step in heme biosynthesis (Cox et al., 1991; Dandekar et al., 1991) . Finally, as we learn more about the mechanism of regulation of this protein, we can expect that it may respond to effectors other than available iron. These include substrate for the enzyme, other metals that might be able to occupy the fourth iron site, and agents that could oxidize the vulnerable cluster such as nitric oxide, molecular oxygen, and superoxide. Thus, Fe-S clusters may function as significant molecular switches in a variety of regulatory systems.
